The temporal confinement of high harmonic generation ͑HHG͒ via modulation of the polarization of the fundamental pulse is studied in both temporal and spectral domains. In the temporal domain, a collinear cross-correlation setup using a 40 fs IR pump for the HHG and a 9 fs IR pulse to probe the generated emission is used to measure the XUV pulse duration. The observed temporal confinement is found to be consistent with theoretical predictions. An increased confinement is observed when a 9 fs pulse is used to generate the harmonics. An important spectral broadening, including a continuum background, is also measured. Theoretical calculations show that with 10 fs driving pulses, either one or two main attosecond pulses are created depending on the value of the carrier envelope phase.
I. INTRODUCTION
High harmonic generation ͑HHG͒ in gases has attracted a lot of attention over the last decade, mainly because of its potential to create attosecond pulse trains ͑APT͒ or isolated attosecond pulses. The physical process of HHG is well understood through both quantum mechanical models ͓1,2͔ and a semiclassical model ͓3͔. According to the latter model, when an atom is irradiated by an intense laser, an electron is excited from the ground state to a continuum state, usually through tunneling ionization. Once the electron is released into the continuum, it evolves in the electric field accumulating energy. This energy can be released in the form of extreme ultraviolet ͑XUV͒ emission if the electron returns to the parent ion and recombines. The repetitive nature of this process leads to a periodic generation of XUV bursts, which in the spectral domain corresponds to odd harmonics of the fundamental frequency. It has been predicted ͓4,5͔ that the large spectral bandwidth of the harmonic emission corresponds, in time, to an APT if the harmonics are locked in phase. The individual attosecond pulses in the APT are separated by half the fundamental optical period ͓6͔.
A major challenge is to isolate a single attosecond pulse from the APT. The scheme used in the first experimental demonstration uses a spectral filter, which selects the cut-off region of a harmonic spectrum obtained from a 5 fs driving pulse ͓7-10͔. These cut-off harmonics are only produced near the peak of the IR pulse and the emission is thus confined to half an IR cycle. Since the spectral width is limited to the cut-off region, however, the efficiency of the process is rather low and the minimum pulse duration is limited to several hundred attoseconds ͓11͔. A scheme for the generation of isolated attosecond pulses, not limited to the cut-off region, exploits the high sensitivity of the HHG process to the IR pulse polarization; the HHG efficiency decreases rapidly with increasing ellipticity ͓12-14͔. By varying the ellipticity of the driving pulse, with circular polarization at the wings and linear polarization at the center, the harmonic emission can be confined to shorter time scales than otherwise possible ͓15-18͔. Different attempts based on this scheme have been reported ͓19-21͔.
For the work presented in this paper a time-gating scheme is realized that uses two / 4 plates to obtain the required temporal variation of the polarization across the driving pulse ͓20͔. The setup is illustrated in Fig. 1 . The first /4 plate is of multiple order and oriented with its principal axis at an angle ␣ = 45°to the input IR polarization. It serves a dual purpose: ͑1͒ produce two pulses ͑one with ordinary and one with extraordinary polarization͒, and ͑2͒ introduce a time delay ␦ between these two pulses. The polarization of the superposed pulses after the first / 4 plate varies from linear through circular and back to linear. The second / 4 plate is of zero order and its principal axis is oriented at an angle ␤ relative to the input IR polarization. This / 4 plate changes the output polarization without changing the intensity profile. By changing ␤, different ellipticity variations across the output pulse can be achieved ͓20͔. In particular, ␤ = 0°corresponds to a case where the polarization is circular at the wings of the pulse and linear in the central region. In this configuration the temporal window where the ellipticity is sufficiently small to generate harmonics is the shortest possible and the temporal confinement is thus maximized. This configuration will therefore be referred to as the "narrow gate." For ␤ = 45°, the polarization is linear, albeit rotating by 90°, over the entire pulse and harmonics are generated over a longer time. This configuration is referred to as the "large gate." For ␣ = ␤ = 0°, we retrieve the unaltered incident IR pulse with a linear polarization at a constant direction. This configuration is referred to as the "no gate." The technique used to achieve the time gating is experimentally interesting *Present address: Departamento de Física Aplicada, University of Salamanca, Pl. de la Merced s/n, 37008 Salamanca, Spain.
because it is robust, simple and provides the possibility to control, in a continuous fashion via the angle ␤, the duration of the ellipticity gate.
In the first works ͓20͔, the effect of the polarization modulation was observed in the spectral domain, using pulses with durations down to 30 fs. However, spectral measurements provide only indirect information about the temporal structure of the XUV pulses, lacking information about the spectral phase. The first measurement of the time structure of the temporally confined harmonic emission ͓22,23͔ used a crosscorrelation technique ͓24͔. This experiment showed that gating the ellipticity results in a temporal confinement of the harmonic emission. Nevertheless, the use of noncollinear pump-probe geometry limited the temporal resolution of this measurement to 15-20 fs and the maximum observed confinement was therefore limited by the experimental resolution. In the present work we use a collinear pump-probe geometry, which results in an improved temporal resolution ͑around 9 fs͒ and we present both temporal and spectral measurements. The temporal measurements, described in Sec. II, are performed using 40 fs pulses to generate the harmonics and the results agree very well with the theoretical predictions. In Sec. III, we present spectral measurements using very short IR pulses ͑ Ͻ 10 fs͒ to drive the harmonic generation. In these conditions we observe a spectral broadening towards a continuum, consistent with the emission of a single attosecond pulse. Theoretical simulations have been performed in order to understand this effect. In Sec. IV, the results are discussed together with future perspectives.
II. TEMPORAL MEASUREMENTS
Temporally resolved measurements of the harmonic emission are of special interest, since they give direct information about the temporal confinement achieved using the ellipticity gate technique. In the cross-correlation technique used in the present work ͓24͔, the generated harmonic pulses are overlapped, spatially and temporally, with an IR probe pulse and the total electromagnetic field ionizes an atomic gas inside a magnetic bottle electron spectrometer ͑MBES͒. The crosscorrelation signals are the sidebands to the principal peaks ͑due to the harmonics only͒ in the photoelectron spectrum. The time structure of the harmonic emission can be determined by varying the delay between the two pulses and by recording the variation of the sideband peaks, since their amplitude depends on the temporal overlap of the XUV and IR pulses ͓25,26͔. The resolution of this technique is given by the IR pulse duration and the geometrical configuration. In the present work, the collinear overlap of the IR probe and the XUV pump leads to a 9 fs resolution, only limited by the probe duration.
In Fig. 2 , we present the experimental setup used to perform the cross-correlation measurements. The input IR pulses ͑E = 2 mJ, =40 fs͒ are divided in two using a 50/ 50 beam splitter. The reflected beam, which is used to generate the harmonics, passes through the two / 4 plates that form the time-gate system and is focused by a spherical mirror ͑f =50 cm͒ into a 2-mm-wide Xe gas cell. A 0.2 m Al filter is positioned after the generation and used to remove the fundamental IR radiation. This filter also removes the low harmonic orders, up to the 11th harmonic. The 1 mJ probe pulse that is transmitted through the beam splitter is postcompressed using the hollow waveguide technique ͓27,28͔. The beam is coupled into a hollow waveguide filled with Ar at a pressure of 300 mbar. After the waveguide, the pulse, which is spectrally broadened through self-phase modulation FIG. 1. Polarization gate setup. The linear polarized pulse ͑duration ͒ passes through a multiple order quarter-wave plate, whose axes form an angle ␣ = 45°related to the incident polarization direction. The plate introduces a delay ␦ between the ordinary and extraordinary components. The output pulse presents a polarization modulation from linear in the pulse wings to circular in the center. A zero order quarter-wave plate, whose axes form an angle ␤, changes this ellipticity evolution. If ␤ =0°͑narrow gate͒, circular polarization is turned into linear and vice versa. in the gas, is compressed by negatively chirped mirrors. The compressed pulse has 9 fs duration and 300 J energy. A spectral interferometry for direct electric field reconstruction ͑SPIDER͒ system ͓29͔ is used to characterize both the pump and the probe IR pulses. The XUV pump and the IR probe pulses are recombined using a convex mirror with a hole in the center. The XUV pump passes through this hole while the IR probe is reflected by the mirror. The curvature of the mirror is chosen such that the two beams, from this point, have the same divergence. Finally, both beams are focused into the MBES filled with a static pressure of argon gas.
The multiorder / 4 wave plate has a thickness of 1.01 mm, resulting in a delay ␦ = 30 fs between the ordinary and extraordinary polarization components. Figure 3 shows the photoelectron spectra for different delays between the IR and the XUV pulses. The harmonic signal is present for ev-ery delay, but only when there is a temporal overlap of both pump and probe, can two color photon phenomena happen. Then the photoelectrons released from a XUV photon absorption and the emission or absorption of an IR photon yield to the presence of sidebands between the harmonic peaks. Knowing the IR pulse and the evolution of the sideband signals depending on the pump-probe delay, one can extract the XUV pulse train duration by deconvolution. One can then study the XUV pulse train duration as a function of the polarization gate width.
Having fixed the angle ␣ of the first quarter-wave plate at 45°, the angle ␤ of the second one is changed, which alters the gate configuration from large gate ͑␤ = ͑2n +1͒ / 4 rad, n is an integer͒ to narrow gate ͑␤ = n /2͒ ͓20͔. Figure 4͑a͒ shows the temporal structure of the 18th sideband ͑between the 17th and 19th harmonics͒ for the three configurations: large, narrow, and no gate. Comparing with the "no gate" case, the width of the sideband is decreased in the narrow gate configuration and increased when the large gate is used. Figure 4͑b͒ shows the harmonic pulse widths, obtained using the procedure described in Ref. ͓22͔ , for large, narrow, and no gate. For the large gate situation a correction has been included to take into account the evolution of the detector response with the polarization orientation ͑as presented in Ref. ͓22͔͒. In the same figure we present the narrow gate width calculated using the analytical expression ͑3͒ from Ref. ͓30͔ equal to 11.5 fs for the present experimental conditions. According to this expression, the gate width g in the narrow gate configuration is given by g = thr 2 / ͓ln͑2͒␦͔, where ␦ is, as previously commented, the delay induced by the first quarter-wave plate between the ordinary and extraordinary components, the minimum pulse duration, and thr the threshold ellipticity, defined as the field ellipticity for which the harmonic signal is decreased to 50% of the maximum signal ͑obtained for =0͒. One can see that the experimental results agree very well with this theoretical prediction. Note that the confinement is identical for four plateau sidebands ͑14-20͒. The discrepancy observed for the 22nd sideband is not relevant since the low sideband signal results in large uncertainty. In general, our results are fully consistent with the recently reported measurement using the XUV SPIDER technique for a single harmonic ͓31͔. This technique is a promising future alternative when applied to the different harmonics, since, considering Ref. ͓31͔, experimental precision can be estimated on 1 fs. Nevertheless, in our case the cross-correlation resolution, depending on the probe duration ͑9 fs͒ allows us to observe the temporal confinement effect and check the analytical expression accuracy in ultrashort conditions. In conclusion, these measurements show that the ellipticity gating technique results in a temporal confinement of the harmonic emission, in good quantitative agreement with theory. Between the narrow and the no gate case, the pulse train duration is reduced by a factor of 1.5-1.7 even using this limited gating configuration.
III. SPECTRAL MEASUREMENTS
In order to study the effect of the time gate technique on harmonics generated by very short IR pulses, the setup in Fig. 2 was modified so that the compressed pulse ͑ =9 fs and E = 300 J͒ was used to drive the harmonic generation after having passed through two quarter-wave plates. The dispersion of the / 4 plates and of the entrance window to the vacuum chamber was precompensated for, so that the pulse was transform limited when it reached the generation gas. The multiorder / 4 plate ͑314 m width͒ used introduced a delay ␦ = 10 fs between the ordinary and extraordinary polarization, resulting in a flat top intensity profile and a narrow gate whose duration is 1.75 fs according to the analytical expression. No time domain measurements were performed with this pulse configuration due to the limited temporal resolution of our cross-correlation setup. The measurements were instead done in the spectral domain, from harmonics 13 to 23. Figure 5 shows three normalized spectra corresponding to the narrow, large, and no gate configurations. The spectral width of the harmonics is obviously narrower in the no gate and large gate cases. The no gate result exhibits a larger number of harmonics, simply because the peak intensity is higher. In the narrow gate case, the harmonic spectral width is much larger ͑about twice as large͒, and the intensity does not fall to zero between the peaks.
To investigate the spectral dependence on the gate width, the angle ␤ was varied ͑while keeping ␣ = 45°͒ and the spectral width ͑FWHM͒ of harmonics 15 and 17 were measured and plotted in Fig. 6 . The narrowest spectra ͑0.8 eV͒ corresponds, as expected, to the large gate configuration, while the narrow gate spectrum is the broadest, consistent with the temporal confinement. In the narrow gate configuration both harmonics 15 and 17 have a FWHM of 1.8 eV, which corresponds roughly to half the spectral gap between two consecutive harmonic peaks. Assuming, as a simplifying hypothesis, that the harmonics are near transform-limited and locked in phase, this corresponds to a train consisting of only two attosecond pulses. This result agrees well with the theoretical width of the time gate, 1.75 fs, corresponding to the emission of two pulses.
The ultimate goal with this technique is to confine the XUV emission to a single attosecond pulse, which requires the creation of a gate shorter than a half optical cycle. There are two experimental approaches to produce a gate that is sufficiently narrow to obtain this goal: ͑1͒ using shorter IR pulses; or ͑2͒ a larger delay ␦. In the current experiment, the first approach was not possible. The second approach could be implemented simply by using a thicker multiorder /4 plate. The main drawback of this approach is that the intensity profile is no longer a flat top, but presents a dip at the center ͑when ␦ Ͼ ͒. This significantly reduces the harmonic generation efficiency in the narrow gate configuration since the temporal window where the harmonics are generated ͑i.e., where the ellipticity is small͒ coincides with a local minimum in the intensity profile. Therefore, for this measurement a multiorder / 4-plate is used ͑470 m width͒ introducing a 15 fs delay and obtaining a narrow gate very close to the half optical cycle ͑according to the analytical expression the gate width is equal to 1.2 fs͒ while creating an important intensity dip in the central region of the pulse ͑30-40% of the maximum intensity of the ellipticity-modulated pulse͒. The harmonics were generated by focusing 9 fs 350 J IR pulses into a 15-mm-long cell filled with Ar at a pressure of 30 mbar low enough to avoid a dramatic effect of the medium ionization on the laser pulse propagation. To increase the spectral resolution and sensitivity, a photon spectrometer with a photomultiplier was used instead of the MBES.
In Fig. 7͑a͒ , we show the harmonic spectrum ͑averaged over several shots͒ for the no gate configuration ͑␣ = ␤ =0°͒. The absence of low harmonics ͑below 35 eV͒ is likely due to the high absorption in the HHG cell, which acts as a spectral filter. Simulations with the experimental gas pressure and the focal point inside the cell show, indeed, very low transmission below 35 eV. In the narrow gate configuration ͓Fig. 7͑b͔͒, the spectrum is broadened and becomes almost a continuum, in agreement with the results on Ref.
͓21͔. Some harmonic structures remain, however, resembling those obtained with = 9 fs, ␦ = 10 fs. As we have yet mentioned, in the narrow gate configuration for = 9 fs, ␦ = 15 fs the gate width is very close to half an optical period.
In this case, depending on the carrier envelope phase ͑CEP͒ either a single attosecond pulse with a spectral continuum, or two pulses with the broad harmonic structures ͑as seen be-fore͒ can be generated ͓30,32-34͔. Since the obtained results are averaged over several shots and the CEP is not stabilized, the observed spectrum should be a superposition of spectra corresponding to the emission of either one or two attosec- The influence of the IR pulse duration on the harmonic spectrum has also been investigated by changing the postcompression so that the pulse duration increases from 9 to 10.5 fs. The harmonic spectrum is then changed from the quasicontinuum shown in Fig. 7͑b͒ to well resolved harmonic structures as seen in the ␦ = 10 fs experiment ͑see Fig.  4͒ . When is slightly increased, the time gate becomes larger, and the generation of two pulses is more frequent than that of a single one. The harmonic peaks in the spectrum, therefore, become more pronounced. The transition is abrupt and consistent with the theoretically predicted half period time gate.
In Fig. 8 As was shown in Sec. II, using the 40 fs long incident laser pulse we generate the XUV train with the duration that agrees very well with the analytical formula from Ref. ͓30͔. However, in the case of 10 fs driving laser pulses considered in the present section, this approximate formula overestimates slightly ͓30,34͔ the attopulses train duration. To study more accurately the temporal structure of the attopulse train in this case we calculate the XUV generation utilizing the theoretical approach that we developed and used in our previous papers ͓30,33,34͔.
Our theory for the single-atom response is intermediate between the analytical approaches ͓1,2͔ and the numerical solution of the time-dependent Schrödinger equation. This theory was suggested ͓35͔ for the linearly polarized driving field and further developed for the arbitrary fundamental po-larization ͓33͔. The approach is based on the three-step model for the HHG ͓3͔. Our theory includes the numerically calculated ionization rate and considers the electron wavepacket spreading after the ionization using the results of Ref.
͓36͔. For the middle-plateau harmonics, there are several significantly different electron quantum paths ͓1,2͔ that lead to the generation of the radiation with the same frequency, albeit different phase properties. In our theory the contributions of these quantum paths are separated yet within the frame of the single-atom response. Due to the numerically calculated ionization rate and the accurate consideration of the wave-packet spreading our theory provides the correct ratio of the impacts of the different quantum paths in the XUV generation. Moreover, in our theory the ground state population at the instant of the ionization and the instant of the XUV emission are calculated separately, in contrast with theories ͓1,2͔ that suppose adiabatic variation of the ground state population and thus do not distinguish the population difference in these instants. However, if the laser intensity is high the ionization is not adiabatic any more and these populations should be considered separately as it was recently confirmed with numerical results ͓37͔. Using this theory for the single-atom response, we calculate the medium response taking into account the phase-matching effects for the XUV generation, as well as its reabsorption by the generating gas; our approach for the medium response calculation is described in Ref. ͓33,38͔.
In Fig. 9 we present the XUV spectrum simulated considering 10 fs IR pulses in the no gate configuration. In the calculation we set Ar pressure as 40 mBar and peak laser intensity as 1.6ϫ 10 15 W/cm 2 . The latter value is found from the measured energy of the IR pulse and focusing conditions. The geometrical parameters in the calculation also reproduce experimental ones. The spectrum is averaged over the CEP values of the IR pulse. The averaging is used in this figure as well as in the next one to mimic the experiment which is not CEP stabilized. However, in this situation no relevant CEP dependence has been observed, since it is a multicycle regime. The main features observed experimentally in Fig. 7͑a͒ are reproduced by the simulation. Figure 10 shows the XUV spectrum calculated in the narrow gate ͑ = 10 fs, ␦ =15 fs͒ configuration, averaged over several IR pulse CEPs. Other parameters are the same as in the previous figure ͑note that the same incident laser pulse now provides the peak intensity in the center of the gate equal to 3.3ϫ 10 14 W/cm 2 ͒. In these conditions, the spectra dependence on the CEP value is very pronounced ͑in contrast with the no gate configuration͒. Therefore, although spectra for a given CEP usually contains well-distinct harmonic structure, averaging of the spectrum over the CEPs yields a quasicontinuous spectrum with some narrow peaks.
Agreement between an experimental spectrum ͓Fig. 7͑b͔͒ and a simulated one ͑Fig. 10͒ is very good, even quantitatively, presenting the same structure. The agreement confirms the reliability of our calculation. This is very important because the calculation provides results both in spectral and temporal domain, while in our experiments subfemtosecond temporal measurements were not available. In fact, Fig. 11 shows the attosecond pulses calculated at the beam axis for conditions of Fig. 10 corresponding to different CEPs of the IR pulse. The total radiation with photon energy higher than the Ar ionization energy is used to obtain the attopulses. Here the CEP dependence is evident, as for some situation ͑CEP= /2͒ a main attosecond burst with two small satellites is obtained, and for other ͑CEP= 0͒ two clear pulses are generated. The CEP value is defined here as in Ref. ͓33͔ .
One can assume that a rapid temporal variation of the ellipticity might affect the duration of an individual attopulse. To study this item we compare the duration of the attopulses simulated with and without the polarization gating technique. The confined train attopulses presented in Fig. 11 have durations of 160-200 as depending on the CEP, while the attopulses calculated for the no gate configuration ͑for the conditions of Fig. 9͒ have durations of 130-180 as depending on the attopulse position in the train. Thus, according to simulations, the pulses in the confined train are comparable in duration to ones in the nonconfined train. Therefore, we show that the polarization-gating technique does not introduce an important individual attopulse broadening. This result is in clear agreement with a recently published work ͓39͔.
IV. CONCLUSIONS
Using a collinear IR-XUV cross-correlation setup we have directly measured the temporal confinement of the XUV emission from HHG using the time-gating technique. This experiment complements and improves a previous one ͓20͔, showing the effect with a better temporal resolution. The experimental results agree well with the theoretical description.
When short ͑9 fs͒ IR pulses are used to generate harmonics with the time-gate technique, near continuum XUV spectra are obtained, compatible with the emission of one or two attosecond pulses. Theoretical simulations have been developed, presenting good agreement with the experiment. They predict that the duration of the attosecond pulses is approximately the same as one of the pulses emitted without a time gate.
The presented approach for XUV generation temporal gating is simple and robust and allows a continuous control of the temporal confinement over a broad spectral range.
When the HHG is confined to half an IR optical cycle, the CEP becomes an important parameter for the number of generated attosecond pulses. In the presented experiment, the CEP is random and either one or two pulses can be emitted. However, if the CEP is stabilized and set to a proper value, single attosecond pulses can be produced for each laser pulse. As a future perspective, the combining of the timegating technique with CEP stabilization will provide a stable source of single attosecond pulses from 9 fs IR pulses. If the CEP stabilization is not available, shorter IR pulses, of the order of 6 fs and/or longer delays can be used. In these conditions, CEP fluctuations would lead to either no XUV emission or a single as pulse emission. 
